Research background
MEMS micro-mirrors have been widely used in optical switches and scanning devices (1) . In these kinds of applications, the beams supporting the micro mirror are twisted and deformed to a large extent. Consequently, these beams failed by brittle fracture catastrophically. Hence, there is a need to clarify the mechanical characteristics of such beams.
Until now, many researches have been performed to determine the mechanical properties of MEMS. However, most of them are pure bending tests or direct tensile tests. As a result, the fracture strength determined through such tests is associated with bending or tensile fracture. On the other hand, fractures due to torsional loading are not well documented. Hence, there is still much room for research relating to torsional fractures.
The aim of this research is to design a specimen for micro testing and propose an experimental procedure for micro testing. Then, pure bending and combined (torsion and bending) loading test will be performed on the samples. Then a failure criterion based on the experimental data will be proposed. Finally, a general safety design criterion for microstructure under torsional loading will be proposed.
Design of specimen for micro testing
Since it is almost impossible to perform a pure torsional test, combined loading will be performed and the effect of pure torsional loading will be estimated based on the Interaction Method. A number of factors have to be considered when designing a specimen for micro testing.
Firstly, the experimental constraints. The load cell has a maximum capacity of 5N and the applied load can be measured to within of its value. The range of the LDM (laser displacement meter) is 1mm and its accuracy is 0.5um. Here, the slowest testing speed of 0.5mm/min is used in order to get the maximum number of sampling results. Next, the rotational angle cannot be too large or slippage of the loading needle may occur. Moreover, if the rotation angle is too large, curvature shortening may lead to unwanted tensile forces acting on the beams. The maximum rotational angle is preferably taken to be 30deg. In the design process, the center deflection is taken to be in the order of 0.1mm and the edge deflection in the order of 1mm.
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Secondly, it has to be ensured that the specimen fails under torsional loading. The shear stress due to torsion can be expressed The combination of a and b values that will cause the stress ratio to take a minimum value is calculated and this particular a and b combination should be avoided in the design process.
The final dimensions of the beam are as follow: 2a=150um; 2b=240 and 300um; c=10mm; d=2mm and L=2mm. When a force is 5N at applied at c=10mm, a stress ratio of about 6 is obtained, with the maximum shear stress being about 2.45GPa. For the experiment, the 'EZ TEST' testing machine from Shimadzu Corporation and the 'LC-2400' LDM from Keyence Corporation were used.
Firstly, pure bending was performed by applying the force at location A shown in Fig. 1 . Both the force and displacement up to the point of fracture were recorded and then used to derive the approximate normal stresses in the beam at the point of failure. As a rough guide, in the case of pure bending, if the laser spot is off the point of maximum displacement by 10um, the resulting difference in vertical displacement will be only about 0.033um. To aid the fixing of the laser spot, an artificial wafer has also been constructed. Next, it is noted that the spring constant K (change in force/ change in displacement) will not be adversely affected by the misalignment of the LDM. Finally, to prevent the slippage of needle during the experiment, it is advisable to initially depress the sample lightly several times before the main fracture test.
Next, combined loading test will be carried out by applying force at locations away from the mid-point of the plate, for instance at location B shown in Fig. 1 . By performing combined loading tests for various stress ratios, the failure load and shear stress for the pure torsional loading can be extrapolated.
Pure bending testing
A total of 10 samples (5 samples for 2b=240um and 5 samples for 2b=300um) were investigated for their bending characteristics by depressing each of them at location A until fracture occurred in the beams. A Weibull plot for the ultimate normal stresses (nominal stresses) was made. (As shown in Fig. 2 ) Because of the fact that both types of samples were from the same wafer, both types of samples were combined into a single sample and the Weibull parameters were obtained using the maximum likelihood method. The Weibull modulus was approximately 6.3. Anderson Darling Goodness of Fit test did not reject the null hypothesis that the sample might have been drawn from a Weibull distribution at a 1% significance level. Comparison of force at failure and ultimate normal stresses (nominal stresses) between 2b=240um and 2b=300um samples is shown in Table 1 . 
Matching of displacement between the experiment and the FEM model:
Both anisotropic material constant and geometric non-linearity have been considered in the FEM model, which was constructed using ANSYS6.0. Both Quadratic Shell 93 and Solid 95 were used in the FEM model.
Close to 100% matching have been obtained for the sample displacement. However, for the case of wafer displacement, matching was difficult because the thickness of the wafer may not be constant after the etching. 
Apparent size effect
When the force at failure was used to predict the ultimate normal stress (nominal stresses) in the beam, the mean ultimate normal stress for the 300um was about 12% lower than that for the 240um samples. When displacement at failure was used to predict the ultimate normal stress in the beam, it gave almost the same value as when force at failure was used. Thus for the case of pure bending, it could be inferred that either force at failure or displacement at failure could be used to predict the stress distribution in the beam.
Fractography
The fractured surfaces were examined using the SEM. A typical fractured surface is shown in Fig. 3 . Initiation site occurred at the etching surface, which contained lots of micro-defects. Fracture surface was smooth near the initiation site (mirror), and rough and wavy away from the initiation site (mist). The mode of fracture was most probably Mode 1. The direction of fracture was mostly at an angle to (110) plane; only a few were in the (110) plane. Size of defects was estimated to be in the region of 1um. A rough estimation using the Griffith criterion gave the nominal fracture stress of about 500MPa to 600MPa. 
Conclusions:
Specimen suitable for micro testing has been designed and an experimental procedure for combined loading proposed. Pure bending test was performed on 10 samples and the maximum likelihood method gave a Weibull modulus of approximately 6.3. The scale and location parameters were 709.51 and 46.5 respectively. Good displacement matching between the FEM model and the experiment has been obtained for the sample. An apparent size effect could be observed despite limited sample size. Possible Mode I fracture initiating from etching surface with critical defect in the region of 1um could be observed. Fracture stress was estimated to be in the region of 500MPa to 600MPa.
Future plans:
Firstly, the size effect will be verified by performing more bending tests. Secondly, the causes of failure will be clarified. Thirdly, matching between the FEM model and the experiment will be improved. Combined loading will also be performed. Finally, reliability analysis will be performed.
